Atypical femoral fractures (AFFs) are a rare association of anti-resorptive therapy for osteoporosis. Limited evidence-based management guidelines on their optimal treatment exist, with observational studies suggesting a role for teriparatide (TPTD) in AFF healing. We report a case of a 65-year-old woman with postmenopausal osteoporosis who sustained an AFF following long-term bisphosphonate therapy, and who subsequently developed a new contralateral AFF after completion of TPTD therapy and initiation of strontium ranelate (SR) treatment. The sequence of events in this case report showed that TPTD and SR did not prevent the development of a new AFF, and questions the optimal treatment of these stress fractures.
Introduction
Antiresorptive drugs are well-established treatments for the management of osteoporosis, but atypical femoral fractures (AFFs) have emerged as a rare long-term association, particularly following bisphosphonate therapy. Since the first reports of bisphosphonate-associated AFF in 2005 (Odvina et al., 2005) , a limited literature has examined the optimal treatment of these fractures. Observational studies and case reports suggest a possible role for conservative management of incomplete AFF, with success in fracture healing with teriparatide (TPTD) and strontium ranelate (SR) also being reported.
In 2010, the American Society of Bone and Mineral Research commissioned an International Task Force report to clinically define these fractures and provide guidelines for their management (Shane et al., 2010) . This report was revised in 2013 (Shane et al., 2014) and recommended that TPTD be "considered for those who appear not to heal on conservative therapy". The role of anabolic therapy in the conservative management of incomplete AFF is queried by the following case report of a patient developing a new contralateral AFF after completion of TPTD, and during SR, therapy.
Case report
In 2010, a 61-year-old woman with postmenopausal osteoporosis presented to her treating physician with left thigh pain in the setting of eleven years of alendronate therapy. A plain x-ray revealed an incomplete stress fracture of the left femoral shaft consistent with a bisphosphonate-related atypical femoral fracture (AFF) (Fig. 1A) .
The patient's past history included multiple fragility fractures (left distal fibula, left fifth metatarsal fracture, T11 vertebral fracture); thyroidectomy for toxic multi-nodular goiter; surgically resected colon cancer in remission; depression; hypertension; and osteoarthritis. Severe postmenopausal osteoporosis was diagnosed in 1998 by dual-energy X-ray absorptiometry (DXA) scan, with bone mineral density (BMD) at the lumbar spine and left femoral neck of 0.595 g/cm 2 (Tscore− −4.1) and 0.535 g/cm 2 (T-score −3.6), respectively (Fig. 2) .
Menopause occurred at the age of 47. Previous osteoporosis therapy included five years of hormone replacement therapy, eleven years of alendronate, and cholecalciferol supplementation. Prior attempts at bisphosphonate "drug holidays" were unsuccessful due to either a subsequent decline in bone density or a further fragility fracture (Fig. 2) . Following the diagnosis of the AFF, alendronate was immediately discontinued, limited weight-bearing was advised, and the patient was referred for an early surgical opinion. Within one week, however, she sustained a complete fracture at the site following a fall (Fig. 1B) . This required urgent surgical fixation with an intramedullary rod (Fig.  1C) Post-operative recovery was uncomplicated, TPTD was commenced in the early post-operative period, and cholecalciferol supplementation was increased to 2000 IU per day. Radiographic evidence of fracture union was seen three months post-fixation ( Fig. 1D) and radiographs of the right femur performed at that time did not reveal a contralateral stress fracture (Fig. 1E) .
In 2012, the patient completed 18 months of TPTD therapy and was commenced on sequential strontium ranelate (SR) treatment. Bone density at the lumbar spine and right femoral neck had significantly increased, being 0.895 g/cm 2 (T-score − 2.4) and 0.908 g/cm 2 (T-score − 0.6), respectively. 25-Hydroxyvitamin D levels were sufficient on cholecalciferol supplementation (82 nmol/l) and a procollagen type 1 amino-terminal propeptide level (P1NP) was not suppressed (58, RR b 76 μg/l). Calcium, phosphate, creatinine and alkaline phosphate levels remained normal.
However, within four months of TPTD cessation and during SR therapy, the patient complained of new right-sided thigh pain. An initial radiograph demonstrated a possible right mid-shaft femoral cortical reaction ( Fig. 3A) and a bone scan confirmed uptake in the right femur consistent with a new incomplete contralateral AFF (Fig. 3B ). This was initially managed conservatively with limited weight-bearing, but serial radiographs confirmed AFF progression with development of a cortical lucency at the fracture site (Fig. 3C) , and the fracture required surgical stabilization (Fig. 3D ). Four months following fixation, near resolution of the stress fracture was seen radiographically (Fig. 3E) . SR was continued for another 22 months following right femoral fixation, and ceased in 2014 due to concern about potential adverse cardiovascular effects. In 2015, a follow-up DXA scan revealed stable osteopenia at the lumbar spine (BMD 0.902 g/cm 2 , T-score − 2.3) and the patient remained symptom-free and functionally independent.
Discussion
We report the case of a postmenopausal woman who sustained a left-sided AFF following long-term bisphosphonate therapy. Contrary to the reported success of anabolic therapy in the management of AFF (Carvalho, Voss, Almeida, Salgado, and Bandeira, 2011; Gomberg, Wustrack, Napoli, Arnaud, and Black, 2011; Huang et al., 2012; Tarazona-Santabalbina and Aguilella-Fernandez, 2013) , following a course of TPTD treatment and initiation of SR, a new contralateral AFF developed. This report highlights the need for more systematic research into the efficacy of TPTD or SR in the routine management of AFF. AFFs are considered rare associations of antiresorptive therapy, particularly following long-term bisphosphonate therapy. The incidence of AFF in bisphosphonate naïve populations is estimated to be 0.09 per 10,000 patient-years, but rises to 5.5 per 10,000 patient-years in bisphosphonate-users (Schilcher, Michaelsson, and Aspenberg, 2011) . AFF is associated with a longer duration of bisphosphonate use (Dell et al., 2012) and, although the risk of further AFF is reduced by 70% within the first year of bisphosphonate therapy cessation (Schilcher et al., 2011) , there still remains an ongoing risk for a contralateral AFF, which may be explained by the long skeletal half-life of bisphosphonates. Contralateral AFF can occur in up to 40% of cases, and may present up to four years following the index case (Lo et al., 2012) . Following the index AFF, there may be increased weight-bearing on the contralateral unaffected limb, thus increasing the mechanical load and predisposing to a contralateral AFF.
Although the true pathogenesis of AFF remains largely unknown, its association with anti-resorptive therapy requires consideration. Bisphosphonate therapy suppresses bone remodeling, and may change the material quality of bone by (i) altering collagen maturity and cross-linking, (ii) allowing accumulation of advanced glycation end products, (ii) altering the hydroxyapatite crystalline structure, and (iv) forming fully mineralized and homogenous cortical bone (Ettinger, Burr, and Ritchie, 2013) . These contribute to bone that is stiffer and brittle. Mechanical loading on brittle bone can lead to micro-crack development. Suppression of bone remodeling by bisphosphonates impedes intracortical repair of micro-cracks, and can result in micro-crack progression to a complete or displaced fracture.
Once an AFF is complete or displaced, urgent surgical fixation is clearly required. However, in the setting of an incomplete or early AFF, the evidence for management is less defined, with two options available: (a) early prophylactic fixation, or (b) conservative management with limited weight-bearing.
The natural history of incomplete AFF has been associated with low rates of spontaneous healing if managed conservatively, with up to 72% requiring surgical intervention due to progression to complete AFF, or due to clinical or radiological deterioration (Ha, Cho, Park, Kim, and Koo, 2010) . The presence of cortical lucency, or the 'dreaded black line', is associated with higher rates of progression to complete or displaced fracture (Koh, Goh, Png, Kwek, and Howe, 2010) . As demonstrated in our case, cortical lucency was seen on the initial radiographs of the left-sided AFF (Fig. 1A) , and the patient progressed to a complete fracture within a week. In the conservative management of our patient's contralateral right-sided AFF, serial radiographs showed progression with the development of cortical lucency (Fig. 3C) . Evidence suggests that cortical lucency may herald an impending complete fracture, and may be a reliable radiological indicator of those who need semi-urgent prophylactic fixation.
There has been much interest in the use of pharmacological agents to aid fracture union and healing time in patients with AFF, thus allowing a non-surgical management option with perhaps faster time to achieving mobility independence. TPTD is a recombinant portion of the amino-terminal 34 amino acids of human parathyroid hormone and is approved for use in the management of severe osteoporosis. Intermittent administration has pleiotropic effects which leads to an increase in osteoblast cell number and bone remodeling, resulting in a net increase in bone formation (Jilka, 2007) .
TPTD has also been shown to accelerate fracture healing in a dosedependent manner in animal studies, by increasing the rate of callus formation, new bone mineralization and mechanical strength (Barnes et al., 2008) . Dobnig et al. (Dobnig et al., 2009) showed that treatment with TPTD attenuated micro-damage accumulation in iliac crest biopsies of human patients previously treated with long-term alendronate, suggesting a possible role in stress fracture repair. In studies examining fracture healing, a randomized control trial of TPTD 20 mcg daily demonstrated faster healing time for wrist fractures compared with placebo, but higher doses of TPTD did not show efficacy (Aspenberg et al., 2010) . A non-randomized control trial using full-length parathyroid hormone [PTH (1-84)] found that it accelerated fracture healing and improved functional outcomes in elderly patients with osteoporotic pelvic fractures (Peichl, Holzer, Maier, and Holzer, 2011) . Although these pre-clinical and clinical studies suggest that there is a potential role for TPTD in improving fracture outcomes, this evidence may not be generalizable to AFF.
Retrospective studies investigating TPTD therapy in the management of AFF, have shown that it may aid fracture healing of incomplete AFF without radiological cortical lucency (Saleh et al., 2012) , and can reduce fracture healing time and rates of non-union in the post-operative setting (Miyakoshi et al., 2015) . In the only published prospective study of the use of TPTD, Chiang et al. (Chiang et al., 2013) showed that in 14 cases of AFF, TPTD improved fracture healing rates and pain scores, and non-TPTD treated patients had poorer outcomes, either proceeding to surgical intervention, or had persistent pain and non-union during follow-up. They concluded that TPTD may assist in healing of AFF and restoring bone quality. In this case, although the use of TPTD was associated with rapid healing of the initial AFF, the development of a new contralateral AFF highlights that TPTD does not indefinitely protect against future AFF. This suggests that TPTD may be limited in its ability to reverse the skeletal effects of long term bisphosphonate therapy, and caution should apply when considering sequential therapies with antiresorptive properties, including strontium ranelate.
To our knowledge, there has been no case reported of AFF occurring in association with SR treatment. In fact, it has been suggested in the literature that SR may improve AFF healing (Carvalho et al., 2011) . SR is an osteoporosis therapy, which works primarily through the incorporation of strontium into bone and increasing BMD (Stepan, 2013) . It may also have weak anti-resorptive properties, and given the proposed mechanism of AFF development, this case report raises the question as to whether SR should be avoided in those with a history of AFF. Recurrence of incomplete AFF with the re-introduction of anti-resorptive treatment following a course of TPTD therapy has already been reported in the literature (Ramchand, Chiang, Zebaze, and Seeman, 2016) .
In one case report of sequential therapy with TPTD and SR in a patient with alendronate associated-AFF, the authors concluded that sequential treatment was successful and may be a rational treatment option in managing incomplete AFF (Lampropoulou-Adamidou et al., 2013) . In this case, TPTD therapy was delayed for 11 months following fixation of a complete AFF, however, the patient sustained an incomplete contralateral AFF during treatment with TPTD and 22 months following the first AFF. The patient was continued on TPTD, then sequentially treated with SR and did not proceed to surgical fixation of the incomplete AFF. Although the long delay between the index AFF and development of the contralateral incomplete AFF is similar to our case, we did not find success with sequential treatment with strontium ranelate, as the fracture progression evident on serial radiographs necessitated surgery.
In summary, we present a case of a postmenopausal woman with osteoporosis who developed a new contralateral AFF despite 18 months of anabolic therapy with TPTD and during SR therapy. This case raises a few interesting points: (i) a contralateral AFF occurred following a long delay after bisphosphonate cessation, illustrating the potential long-term skeletal effects of bisphosphonates; (ii) TPTD may have a role in AFF healing, but may not be effective in reversing the bisphosphonate-associated changes in the skeleton and therefore may have limited effectiveness in preventing the development of a contralateral AFF (iii) the re-introduction of anti-resorptive therapies following AFF, including SR, may have been implicated in the development of a contralateral AFF.
We acknowledge that this single case report is limited in advising on AFF management. Further robust research, such as a well-designed prospective randomized control trial, is required to explore the role of TPTD in AFF management. Given the decline in the use of SR globally, further research into the effects of SR on AFF may be limited.
Although this case highlights the challenges clinicians face in the management of patients with osteoporosis, it is of equal importance that we acquire more understanding into AFF pathogenesis, its association with anti-resorptive therapies, and predisposing risk factors in order to prevent these fractures.
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